Histone deacetylases (HDACs) catalyse the removal of acetyl groups from the N-terminal tails of histones. All known HDACs can be categorized into one of four classes (I-IV). The class III HDAC or silencing information regulator 2 (Sir2) family exhibits characteristics consistent with a distinctive role in regulation of chromatin structure. Accumulating data suggest that these deacetylases acquired new roles as genomic complexity increased, including deacetylation of non-histone proteins and functional diversification in mammals. However, the intrinsic regulation of chromatin structure in species as diverse as yeast and humans, underscores the pressure to conserve core functions of class III HDACs, which are also known as Sirtuins. One of the key factors that might have contributed to this preservation is the intimate relationship between some members of this group of proteins (SirT1, SirT2 and SirT3) and deacetylation of a specific residue in histone H4, lysine 16 (H4K16). Evidence accumulated over the years has uncovered a unique role for H4K16 in chromatin structure throughout eukaryotes. Here, we review the recent findings about the functional relationship between H4K16 and the Sir2 class of deacetylases and how that relationship might impact aging and diseases including cancer and diabetes.
Introduction
Recently, many reviews addressing the connection between the silencing information regulator 2 (Sir2) family of enzymes and cellular metabolism have been written (Giannakou and Partridge, 2004; Bordone and Guarente, 2005; Haigis and Guarente, 2006) . However, we find that an important connection between some of the Sirtuins (SirT1-3) with chromatin has been underappreciated. Therefore, in this review we focus on the relationship of Sirtuins with the establishment/maintenance of chromatin structure, particularly on the relationship of SirT1-3 with deacetylation of a crucial histone residue involved in chromatin structure, histone H4 lysine16. We begin by summarizing the function of H4K16.
Acetylation of histones
Acetylation/deacetylation of the lysine residues within the N-terminal tails of histones H3 and H4 proteins was one of the first described modifications of chromatin (Allfrey et al., 1964; Roth et al., 2001; CalestagneMorelli and Ausio´, 2006; Nightingale et al., 2006) . Acetylation, in general, correlates with the establishment of an open chromatin conformation that is transcriptionally active (Kurdistani and Grunstein, 2003; Vaquero et al., 2003) . This is in contrast to the case of hypoacetylation of the H3 and H4 tails that correlates with a compacted chromatin structure refractory to transcription (Kurdistani and Grunstein, 2003; Calestagne-Morelli and Ausio´, 2006) . The covalent addition of an acetyl group to the e-amino group of a lysine residue has been postulated to affect chromatin at two levels. First, acetylation impacts chromatin structure through the neutralization of the charge inherent to the amino group of lysine, thereby weakening intra-and inter-nucleosomal interactions of the chromatin fiber and facilitating its decondensation by increasing accessibility to the nucleosomal DNA (Annunziato and Hansen, 2000; Kouzarides, 2000) . Second, acetylation is recognized/targeted by specific factors such as transcription regulators or ATP-dependent remodeling activities. This mediates a specific output through the recruitment of other factors and/or direct mechanical effects like sliding, remodeling or removal of nucleosomes (Turner, 2000; Jenuwein and Allis, 2001 ). Thus far, only one protein domain that can recognize or 'read' acetylated histone lysine residues has been described, the bromodomain. The bromodomain is present in a variety of chromatin factors and is considered pivotal not only for the establishment of the acetyl modification of histones but also for the extent of such acetylation and its boundaries in chromatin (Hassan et al., 2001; de la Cruz et al., 2005; Calestagne-Morelli and Ausio´, 2006) . Acetylation is a reversible modification with a rapid turnover due to the highly dynamic equilibrium between two different groups of enzymes, HATs (Histone Acetyl Transferases) and Histone Deacetylases (HDACs). The balance between these two activities is key to generating the appropriate changes in chromatin as part of the cellular response to environmental changes (Kurdistani and Grunstein, 2003; Vaquero et al., 2003) .
A considerable amount of evidence suggests that the generation of and the properties of acetylated histones H3 and H4 are distinct (Fisher-Adams and Mellone et al., 2003; Agricola et al., 2006) . Histone H3 modifications seem to have evolved to ensure the proper control of gene expression whereas acetylation of the H4 tail seem to be most important in histone deposition to newly replicated DNA and in chromatin structure. This is reflected by the considerably higher density of post-translational modifications found in the N-terminal tail of histone H3 relative to that of H4 and the variety of histone H3 variants that have been discovered in contrast to the single H4 isoform (Sarma and Reinberg, 2005) . Acetylation of histone H3 and H4 have distinct functional and temporal patterns. Most histone H4 acetylation is cell-cycle dependent and peaks at the replicative S phase, whereas global H3 acetylation levels do not seem to vary (Jasencakova et al., 2000) . During chromatin assembly in S phase, the newly synthesized H4 molecules are acetylated at lysines 5 and 12 and, after H3/H4 deposition during DNA replication the H4 molecules are rapidly deacetylated (Sobel et al., 1995; Polo and Almouzni, 2006) . Remarkably, this is a highly conserved phenomenon throughout eukaryotic evolution. The evidence suggests that H4 acetylation might have originated as part of a mechanism to ensure proper DNA replication and then its role diverged to accommodate the increasing complexity of genome regulation.
Histone H4 lysine 16 acetylation
Among the four possible lysine residues (K5, K8, K12 and K16) acetylated in the H4 N-terminal tail, lysine 16 is special and the data point to its unique role in regulating chromatin structure (Figure 1 ). Of the four lysine residues, K16 is the most frequently acetylated in eukaryotes and its acetylated form is a mark of actively transcribed euchromatin from yeast to humans (Vaquero et al., 2004; Calestagne-Morelli and Ausio´, 2006; Millar et al., 2006) . Acetylated K16 (K16Ac) is present in approximately 60% of the total H4 molecules of mammalian cells (Turner et al., 1989; Smith et al., 2003) and is the first of the four residues in the H4 tail to be acetylated, followed by K12 and K8/K5 (Turner et al., 1989; Clarke et al., 1993) . Although the H4 N-terminal 
tail is dispensable for viability in yeast (Kayne et al., 1988) , its loss is associated with defects in transcription (Durrin et al., 1991) , cell-cycle progression (Megee et al., 1990) , DNA repair (Bird et al., 2002) , silencing (Johnson et al., 1990) , and mating efficiency (Kayne et al., 1988; Park and Szostak, 1990) . This requirement for the H4 tail lies in its four acetylatable lysines, as single substitution mutations of these lysines to either glutamine or arginine (which mimic acetylated or deacetylated lysine, respectively) show quite different outputs (Park and Szostak, 1990) . However, these residues are not equally responsible for the described effects. While in almost all these cases mutation of K5, K8 or K12 resulted in similar effects, the loss of K16 resulted in a distinct behavior, underscoring its individual contribution. Several lines of evidence support the hypothesis that, except in very particular cases, H4 tail acetylation has two main outcomes, one of them due to specific K16 functions and a second to unspecified charge effects contributed by the other three residues and partially by K16. First, microarray analyses have shown that irrespective of K5, K8 or K12 being substituted with Arg to mimic the non-acetylated, positively charged state of lysine, the resultant changes in gene expression patterns were similar, suggesting that these three lysines were interchangeable and that their acetylation likely negated general charge effects. This was in contrast to the case of K16 in which substitution with Arg gave rise to a markedly distinctive pattern of altered gene expression (Dion et al., 2005 , Henikoff, 2005 .
Second, single mutations of K16 to Ala completely eliminated mating in yeast, while mutations of K5, K12 or K8 were relatively normal and even mutations in all three showed only a mild effect. Interestingly, mutants of K16 to Arg had a very mild impact on mating efficiency, suggesting that it is hypoacetylation of K16 that is important in this phenomenon (Park and Szostak, 1990, Megee et al., 1990) .
Third, recent structural studies have shown that acetylation of K16 disrupted the formation of compacted chromatin, the 30 nm fiber, by inhibiting the inter-fiber interactions (Shogren-Knaak et al., 2006) . In this regard, previous studies have shown that proper chromatin folding required the presence of the H4 Nterminal tail, and in particular residues 14-19 (Dorigo et al., 2003) and that K16 is intimately involved in regulating DNA topology (Chiani et al., 2006) . Moreover, extensive studies of yeast silencing have shown a requirement for hypoacetylated K16 in heterochromatin formation and spreading of the Sir proteins (Braunstein et al., 1996; Grunstein, 1997) .
Fourth, while mutation of all four H4 lysines in yeast led to hypersensitivity to agents that induce doublestrand breaks (DSB) like campothecin (CPT), restoration of one single lysine, either K5, K8, K12 or addition of an ectopic lysine in the H4 tail, completely restored the DNA repair response to CPT. Interestingly, K16 restoration only showed a partial rescue (Bird et al., 2002) .
Fifth, although histone deposition has been linked to H4 acetylated at K5 and K12 throughout evolution from protozoa (Tetrahymena) to mammals, it is not completely clear whether it is deposition per se or another related mechanism. For instance, in yeast, while abrogation of the entire H4 tail had strong defects in histone deposition during DNA replication, mutation of K5 or K12 did not seem to affect deposition and showed strong redundancy with acetylated K8 (Ma et al., 1998) . A possible explanation might lie in the observation that acetylation of H4 is important for nuclear import. Histone H4 containing substitution mutations of all four lysine residues to Ala exhibited cytoplasmic sequestering while mutation to Arg produced a normal nuclear localization, suggesting that this effect is dependent on the net charge of the H4 tail (Glowczewski et al., 2004) . Recent studies in mammalian cells have shown that this may also be the case in higher eukaryotes (Benson et al., 2006) .
Sixth, mutations of all four lysines to Arg resulted in a clear delay in G 2 /M, and restoration of any of the lysines completely rescued the effect. However, the K16 mutation to arginine is apparently the only single mutation that shows a clear significant increase in Sphase length (around 10 min longer) and a decrease in G 2 /M (around 7 min) (Megee et al., 1990 (Megee et al., , 1995 .
Finally, K16 acetylation is important in epigenetic regulation as substantiated by its being the only lysine residue among the N-terminal tails of all histones that is targeted by an exclusive category of HATs, such as some members of the MYST family (Sterner and Berger, 2000; Rea et al., 2007) , as well as some HDACs, like the Sir2 family, known as the Sirtuins in higher eukaryotes (see below).
Histone H4 lysine 16 interplays
H4K16Ac functions in chromatin regulation within the context of other variables that include other histone modifications, histone variants and the factors that target it. K16Ac correlates with active and open chromatin and colocalizes in most cases with other acetylated histone tail residues such as H4K8 and -H4K12, H3K9 and H3K14 and H2BK11 and H2BK16 (Kurdistani et al., 2004) . It is also found with the active transcription mark H3K4me3 in chromatin from yeast to humans (Millar et al., 2006; O'Neill et al., 2006) . However, H4K16 acetylation antagonizes some other acetylated residues like H2BK18 and methylated residues like H3K79 (Kurdistani et al., 2004 , Vaquero et al., 2004 , H3K9 (Vaquero et al., 2004; O'Neill et al., 2006) , H4K20me1 (Vaquero et al., 2004) , H3K27 (Rougeulle et al., 2004) , and probably H4 sumoylation and arginine methylation Nathan et al., 2006) . Yet, there is some evidence that suggests the coexistence of monoacetyl K16 and H4K20me2,3 within the same H4 tail. Since H4K16Ac is associated with active chromatin whereas H4K20me2,3 are marks associated with DNA damage, the functional implications of this observation are unknown (Fraga et al., 2005) .
With respect to histone variants, studies in yeast have shown that H4K16 acetylation is a prerequisite to the incorporation of Htz1 Shia et al., 2006) , the counterpart of the mammalian H2A.Z, an H2A variant involved in transcription activation and implicated in maintaining the boundaries of heterochromatin in yeast. Also, deacetylation of K16 is directly linked to histone H1 isoform H1.4 recruitment in mammalian cells upon silencing (Vaquero et al., 2004) .
Finally, acetylated H4K16 can be directly recognized and bound by certain factors. This is the case for the yeast transcription factor Bdf1, a component of the chromatin remodeling complex Swr1 involved in the deposition of Htz1. Bdf1 binds H4K16Ac and thereby participates in establishing the boundaries of silencing domains (Ladurner et al., 2003) . The bromodomain of Gcn5 also binds H4K16Ac (Owen et al., 2000) . Additionally, in mammalian rDNA silencing, the complex NoRC that contains the ATP-dependent chromatin remodeling activity SNF2h, interacts with H4K16Ac through a bromodomain present on its larger subunit TIP5, and promotes silencing of a group of ribosomal DNA (rDNA) genes located in the nucleolus (Zhou and Grummt, 2005) . NoRC-dependent silencing involves the recruitment of HDACs like Rpd3 and deacetylation of H4K5, H4K8 and H4K12 but not of H4K16. This phenomenon is the only known case in which H4K16Ac is linked to gene silencing and not activation, and is exclusive to rDNA regulation. In contrast to these cases, acetylation of H4K16 can also thwart factor binding. Drosophila ISWI, the ATP-dependent chromatin remodeling factor related to mammalian SNF2h, cannot bind to nucleosomes acetylated in H4K16 (Clapier et al., 2002) . Another example is that of the yeast Sir3 factor involved in the recruitment of Sir2 to chromatin and the spreading of heterochromatin through binding with H4. In this case, acetylation of H4K16 abrogates Sir3 binding, thereby limiting the spreading of silenced chromatin (Hecht et al., 1995; Carmen et al., 2002; Kimura et al., 2002; Suka et al., 2002) .
Diverse functions of histone H4 lysine 16
H4K16 acetylation participates in epigenetic phenomena in eukaryotes. In addition to its central role in heterochromatin formation in budding yeast (see below), H4K16 is hyperacetylated in the Drosophila male X-chromosome correlating with a roughly twofold global increase in the transcription rate of the chromosome (Turner et al., 1992; Lavender et al., 1994) . In contrast, the inactivated X-chromosome in mammalian cells exhibits dosage compensation through its massive hypoacetylation that is associated with a heterochromatic structure and loss of active transcription (Jeppesen and Turner, 1993) .
H4K16 acetylation has also been linked to DNA repair. Double strand breaks (DSB) produced by chemical agents and ionizing radiation can be repaired by homologous recombination (HR) and non-homologous end joining (NHEJ). Upon DNA damage, chromatin gets acetylated at specific residues. For instance, DNA repair after ultraviolet irradiation is related to acetylation of H3K9 and H3K14 in the affected loci (Yu et al., 2005) , and H4K8Ac has been linked to HR of DSB (Downs et al., 2004) . Additionally, H4K16Ac was detected at DSB sites in yeast (Jazayeri et al., 2004) . Male absent on the first (MOF), the main HAT responsible for H4K16Ac in higher eukaryotes (Dou et al., 2005; Smith et al., 2005; Taipale et al., 2005) that is involved in male dosage compensation in Drosophila (Hilfiker et al., 1997) , binds to ataxiatelangiectasia mutated protein (ATM), a kinase that triggers the response to DNA damage in DSB by its phosphorylation of targets involved in DNA repair, cellcycle control and apoptosis (Gupta et al., 2005) . Although MOF is directly involved in activation of ATM, and irradiation of cells produce an increase in overall H4K16Ac levels, acetylation of H4K16 is not directly connected to ATM. For example, irradiation produces a MOF-dependent increase in H4K16 acetylation even in the absence of ATM (Gupta et al., 2005) . This suggests that while global chromatin hyperacetylation of H3 and H4 is detected in irradiated cells (Yu et al., 2005) , these marks are not involved in the repair process per se, but instead facilitate DNA repair by globally relaxing the chromatin such that it is more accessible to the repair machinery in a timely manner.
Histone deacetylation
The enzymes responsible for the removal of acetyl groups from histone tails, that is HDACs, seem to have evolved from enzymes involved in bacterial metabolism. Class I and II ancestors are acetylpolyamine amidohydrolases that participate in the degradation of acetylpolyamines via a deacetylation mechanism similar to that of eukaryotic HDACs (Sakurada et al., 1996; Leipe and Landsman, 1997) . Class III members are related to bacterial CobB that deacetylates and thus regulates acetyl-CoA synthetase (ACS) activity (Starai et al., 2002) . CobB was originally identified as an activity that, when overexpressed, could substitute for CobT in the biosynthesis of cobalamin (vitamin B 12 ) via a phosphoribosyltransferase activity using nicotinate mononucleotide (NaMN) as a donor (Tsang and Escalante-Semerena, 1998) . This is probably a side reaction of CobB because its main function is as an nicotine adenosine dinucleotide (NAD þ )-dependent deacetylase (Starai et al., 2002; Landry et al., 2000b) .
HDACs have been divided phylogenetically into three classes based on their homology to Saccharomyces cerevisiae HDACs: Rpd3 (class I), Hda1 (class II) and Sir2 (class III) (more recently, HDAC11 was grouped into class IV). Mechanistically, class I and II are quite similar, as both require the presence of a zinc ion for hydrolysis of the acetyl group. Upon deacetylation both release the acetyl group in the form of acetate. In contrast, Sir2 requires the presence of the metabolic cofactor NAD þ for deacetylation, and releases the acetyl group in a manner resembling ADP-ribosyl transferases that transfer the acetyl group to ADP ribose upon NAD þ catalysis (Ekwall, 2005) .
The Sir2 family
The members of the Sir2 family of proteins are defined by their homology with the S. cerevisiae Sir2, involved in the epigenetic silencing of three main loci in budding yeast: mating type loci, telomeres and nucleolar rDNA tandem repeats (Guarente, 1999) . Sir2-compacted chromatin is characterized by hypoacetylation of lysine residues in the N-terminal tails of histones H3 and H4 (Braunstein et al., 1993) , and a very distinctive mark, hypoacetylation of H4K16 that is a signature of Sir2 silencing (Guarente, 1999; Suka et al., 2001; Robyr et al., 2002) . Of all the Sir proteins (Sir1-4p), Sir2p is the only one required for the silencing of the three loci, suggesting that Sir2p is a major activity in the process. In 2000, several groups reported that Sir2 HDAC activity required the metabolic cofactor NAD þ (Imai et al., 2000; Landry et al., 2000a, b) . NAD þ is involved in the transfer of electrons generated through intermediary metabolism pathways. Therefore, NAD þ levels are an important sensor of the redox state of the cell, and thus of metabolism. The mechanism by which deacetylation occurs is relatively well established and reflects characteristics of the Sir2 family. The reaction involves three coupled steps (Sauve and Schramm, 2003;  The mechanism is actually related to that of enzymes that use NAD þ to mono-or poly-ADP-ribosylate histones and other targets (Meyer-Ficca et al., 2005) . Interestingly, there are two feedback mechanisms that seem to be involved in the fine-tuning of Sir2 function. First, nicotinamide is an inhibitor of the Sir2 enzymes as it directly competes with NAD þ for binding to the pocket of the catalytic domain (Landry et al., 2000a) . Second, the levels of NAD þ and the activity of an NAD þ salvage pathway control Sir2 activity in budding yeast (Sandmeier et al., 2002) . In addition to these feedback mechanisms, the product of the deacetylation reaction, O-acetyl-ADP ribose, can act as a signaling molecule. For example, it is probably required for spreading of the Sir complex on chromatin since it changes the conformation of Sir3 and promotes its binding to Sir2/Sir4 dimers in vitro (Liou et al., 2005) . Another interesting link of O-acetyl-ADP ribose to heterochromatin has been observed in mammalian systems, as it can bind to macroH2A, a specific H2A variant characteristic of certain forms of heterochromatin, as in the case of the mammalian inactivated X-chromosome (Kustatscher et al., 2005) .
The region of Sir2 that defines homology in the family is its catalytic domain, a region of approximately 250 residues containing two different motifs, an NAD þ binding reverse Rossman-fold domain at the active site and a small zinc ribbon organized by two pairs of cysteine residues that bind a zinc ion and stabilize the structure (Min et al., 2001; Marmorstein, 2004) . Several factors have been found to bind to the catalytic domain such as NcoR, E2F1 and Ku70 (Cohen et al., 2004; Picard et al., 2004; Wang et al., 2006) . Members of the Sir2 family exhibit considerable divergence with respect to regions outside the conserved catalytic domain suggesting that they might have acquired important new roles during evolution. For example, the N-terminal domain of mammalian SirT1 is involved in interactions with different factors like histone H1 (Vaquero et al., 2004) and Suv39h1 (AV and DR, submitted).
Members of the Sir2 family exist in species that range from prokaryotes to higher eukaryotes and exhibit increasing levels of diversification and specialization. The numbers of Sir2 family members are quite variable, ranging from one or two members in prokaryotes, five in S. cerevisiae (Guarente, 1999) , three in Schizosaccharomyces pombe, four in Caenorhabditis elegans (Tissenbaum and Guarente, 2001) , five in Drosophila (Rosenberg and Parkhurst, 2002) and seven in mammals, namely SirT1-7 or Sirtuins (Frye, 1999 (Frye, , 2000 .
Class III functions
Sir2 homologues are as varied as the members of classes I and II HDACs (Vaquero et al., 2006b) . However, most of them are in some way linked to cell metabolism and survival. One of the earliest class III members is found in Archeaobacteria. Sulfolobus Sir2 targets Alba (Bell et al., 2002) , a DNA binding protein that has a histone-like function and has an important role in chromatin-like organization and transcription. In fact, Alba deacetylation seems to increase its DNA binding affinity, creating a more compacted chromatin-like structure, similar to the case of histone deacetylation in eukaryotes (Bernander, 2003) .
The in vivo roles of yeast Sir2 have been the most extensively studied, compared to other members of the family, at least until very recently. In addition to epigenetic silencing, Sir2 also has a role in DNA repair, recombination, and DNA replication (Guarente 1999; Gartenberg, 2000; Blander and Guarente 2004) . A highly interesting role that has been ascribed to Sir2 is one involving increased replicative lifespan, meaning the number of cell divisions that a mother cell can engage in during its life (Guarente 1999) . Extra copies of SIR2 were found to increase replicative lifespan, whereas deletion of SIR2 produced a shortening of the lifespan (Kennedy et al., 1997) . In contrast to this effect on replicative lifespan, studies of the Sir2 affect on chronological lifespan, the length of yeast cell viability in a quiescent stationary phase, demonstrated the opposite result, suggesting that the mechanism by which Sir2 affects lifespan is more complicated than believed previously (Fabrizio et al., 2005) . This effect was originally hypothesized to occur through the suppression of recombination of nucleolar rDNA repeats and the inhibition of extra chromosomal circle (ERC) formation in yeast cells. Although there is a clear correlation between aging and the accumulation of ERCs (Sinclair and Guarente, 1997) , it is not completely understood if this is actually the cause or a consequence of DNA damage and genomic instability derived from the progressive loss of the rDNA copies (Longo and Kennedy, 2006) . Also, some studies suggest additional pathways independent of Sir2 that may produce the same effect on lifespan (Kaeberlein et al., 2005) . In the worm C. elegans, in Drosophila and possibly in mammals, the Sir2 family members are also involved in lifespan (Tissenbaum and Guarente, 2001; Baur et al., 2006) . In some of these cases, like C. elegans, this Sir2 role is related to the regulation of the insulin-like pathway.
One of the possible mechanisms to explain the relationship between Sir2 and lifespan is caloric restriction (CR), which is known to increase lifespan from yeast to mammals (Guarente, 1999 (Guarente, , 2005 Cohen et al., 2004; ) . CR produces a more oxidative metabolic state reflected by high levels of NAD þ , which in turn Sauve and Schramm, 2003) . The enzyme (E) catalyses the deacetylation of an acetylated substrate (AcLys-protein) in the presence of NAD þ . The three steps involve binding of NAD þ and an acetylated lysine substrate, the formation of and enzyme-ADP-Ribose(ADPR)-acetylated lysine (AcLys-protein) intermediate (enzyme-ADPR-AcLys-protein) with release of nicotinamide (Nic), followed by the release of acetyl-ADP-ribose (AADPR) and the deacetylated protein. The NER assay is based on the reversibility of the second step such that an excess of labeled nicotinamide reverses the reaction and labeled NAD þ is produced de novo (lower panel). (c) The reaction products of NER are resolved by thin-layer chromatography (TLC). This NER assay is specific to the activities of Sir2 family members and demonstrates the capacity of the enzyme (SirT1, SirT2, SirT3 and SirT5) to process NAD þ molecules specifically in the presence of an acetylated substrate, acetylated BSA (AcB) or native hyperacetylated histones (H), in contrast to non-acetylated BSA (B). NAD þ , nicotine adenosine dinucleotide; NER, nicotinamide exchange reaction; Sir, silencing information regulator.
activates Sir2 members and facilitates survival mechanisms such as inhibition of senescence, activation of stress response pathways like FOXO-dependent signaling, and inhibition of apoptosis. The levels of one of the mammalian homologues of Sir2, SirT1, are increased under CR conditions in rats (Cohen et al., 2004) , although other studies have postulated that CR-induced lifespan might occur independently of the mammalian Sir2 members (Kaeberlein et al., 2005; Tsuchiya et al., 2006) . Another interesting observation is that human SirT3 has been linked to survival of elderly people (Rose et al., 2003) , although there is no clear explanation yet for this observation. Future work should clarify all these controversial issues. In addition to Sir2, S. cerevisiae contains four other members of the Sir2 family, the so-called Homologues of Sir Two (Hst1-4) (Figure 2a ). These proteins are involved in specific functions and in some cases seem to partially overlap with Sir2 silencing from a genetic point of view. Hst1 is involved in the specific repression of mid-sporulation genes, expressed during the middle period of the sequential program of sporulation (Xie et al., 1999) . Hst1 is the most closely related by sequence to Sir2 and its overexpression can suppress some of the silencing defects produced by mutation of SIR2 (Xie et al., 1999) . Hst2 is localized in the cytoplasm (Perrod et al., 2001) , although an interesting recent report shows it is actively exported from the nucleus, suggesting it may have a nuclear role (Wilson et al., 2006) . Hst2 shows a preference for H4K16Ac in vitro and hst2 mutants have higher than normal levels of H4K16Ac, consistent with a nuclear role for the enzyme (Vaquero et al., 2006a) . Importantly, the mammalian homologue of Hst2, SirT2, also deacetylates H4K16, is also cytoplasmic, and also has a nuclear export signal. The H4K16 deacetylation function of SirT2 is important during mitosis (and see below; Vaquero et al., 2006a, b) . Hst3 and Hst4 are responsible for deacetylation of H3K56, a lysine residue present in the globular domain of histone H3, a mark involved in the response to DNA damage (Celic et al., 2006; Maas et al., 2006) . Some of the HSTs seem to be related to some of the mammalian Sirtuins. This is clear in the case of Hst2 and SirT2 as indicated above. On the other hand, Hst1 is a more complex case. Its sequence similarity and chromatin regulatory function seem to link it to SirT1. However, the fission yeast S. pombe, whose chromatin structure and machinery is more closely related to that of higher organisms than of budding yeast, lacks Hst1. In fact, sequence homology suggests that SirT1 is probably the orthologue of S. pombe Sir2 (spSir2) and both yHst1 and ySir2 (Figure 2a) . Regarding Hst3 and Hst4, only the latter is conserved in S. pombe and the implications for this are not known since higher organisms do not seem to exhibit H3K56 acetylation (Xu et al., 2005) .
Our main source of information about the role of Sir2 family members in higher eukaryotes comes from mammals. The SirT1-7 or Sirtuins are a very heterogeneous group of proteins that seem to be involved in different functions and exhibit differential localization from nucleus to nucleolus, and from cytoplasm to mitochondria (Haigis and Guarente, 2006; Sauve et al., 2006) . SirT1 has been linked with a variety of functions associated with increasing genomic complexity. In addition to its role in chromatin regulation through histone deacetylation (discussed below; Figure 3 ), SirT1 has additional roles as a sensor of the metabolic status of the cell. These functions depend largely on the deacetylation of non-histone proteins that can be divided into three groups: transcription related factors: p53, PGC1-a, PPRg, the FOXO family of factors, MyoD, nuclear factor-kB (NF-kB), Bcl6, TAF I 68, E2F1, p73 and others, chromatin-related enzymes: the HATs p300 and P300/CBP-associated factor (PCAF), the corepressors NcoR/SMRT, the DNA-dependent protein kinase subunit Ku80, with the third group being signaling factors like Smad7 (Luo et al., 2001; Muth et al., 2001; Vaziri et al., 2001; Fulco et al., 2003; Brunet et al., 2004; Cohen et al., 2004; Motta et al., 2004; Picard et al., 2004; Yeung et al., 2004; Bouras et al., 2005; Rodgers et al., 2005; Wang et al., 2006; Dai et al., 2007; Kume et al., 2007) .
As for newly acquired functions, these consist of:
(1) Controlling metabolic homeostasis (2) Cell differentiation (3) Cell survival, senescence and cell proliferation.
The first function is exerted through an effect of SirT1 on glucose metabolism. SirT1 levels are tightly connected to CR with increasing SirT1 levels resulting in increasing levels of insulin in pancreatic b-cells, inhibition of glucolysis and stimulation of gluconeogenesis in Histone H1 HKMTs (Suv39h1, Ezh2) NcoR/SMRT HATs (PCAF, p300) PCAF p300 Suv39h1
H3K79me2 loss H4K20me1 enrichment Figure 3 SirT1 effects on chromatin. SirT1 regulates chromatin function through different mechanisms. These different effects are grouped according to the type of SirT1 action. Unknown functions refer to those reported effects that correlate with SirT1 arrival to chromatin, the molecular bases of which are not currently understood. Although SirT1 has been reported to interact with a variety of factors, only those that are directly involved in chromatin regulation are shown. Sir, silencing information regulator.
the liver though deacetylation of the coactivator PGC-1a, and regulation of the insulin-like pathway through deacetylation of the abnormal DAuer formation family member (DAF)-16 transcription factor (Moynihan et al., 2005; Rodgers et al., 2005; Haigis and Guarente, 2006) . SirT1 seems to have adapted to participate actively in the processes of cellular differentiation of skeletal muscle and adipocytes that are strongly dependent on the balance of NAD þ /NADH levels (Fulco et al., 2003; Picard et al., 2004) . In both cases, SirT1 seems to inhibit differentiation. In the first case, SirT1 binds to the HAT PCAF and the muscle-specific transcription factor MyoD to control myogenesis by negatively affecting the role of MyoD activation in differentiation. In the second case, SirT1 inhibits differentiation to adipocytes and favors the mobilization of fat in differentiated adipocytes. It does so by interfering with the binding of the nuclear receptor peroxisome proliferator-activated receptor-g) PPARg to its cofactors, NCoR and SMRT, and thus inhibiting its transcriptional activity (Picard et al., 2004) . Additionally, SirT1 overexpression decreases the levels of PPARg, while depletion of SirT1 produces the opposite effect.
A number of reports focused on a role for SirT1 in favoring cell survival under certain conditions of cellular stress, DNA damage, apoptosis or senescence. This in turn bears on a connection between SirT1 and the deregulation of these processes including cancer. SirT1 has been linked to inhibition of p53-dependent senescence, activation of the stress-response transcription factors FOXO and inhibition of apoptosis through deacetylation of NF-kB or E2F1 (Luo et al., 2001; Vaziri et al., 2001; Brunet et al., 2004; Motta et al., 2004; Yeung et al., 2004; Wang et al., 2006) .
Our current knowledge about the rest of the Sirtuins is rather poor, and in some cases like SirT5, nearly absent. The best studied is SirT2, the orthologue of yeast Hst2, that is involved in cell-cycle control and regulation of the cytoskeleton (discussed below). SirT3, the closest Sirtuin to SirT2, is found in mitochondria and so far only one mitochondrial target has been identified, AceCS2 (Schwer et al., 2006) . However, full-length SirT3 is found in the nucleus, it seems to target histones and is shuttled to the mitochondria under conditions of stress ( Figure 4a ); this nuclear function of SirT3 needs to be addressed further (Scher et al., 2007; see below) . SirT4 is a mitochondrial protein that seems to regulate the levels of insulin through ADP-ribosylation of glutamate dehydrogenase (GDH) (Haigis et al., 2006b) . SirT6 is involved in genome integrity through an undefined role in base excision repair (Mostoslavsky et al., 2006) . Finally, SirT7 is localized to the nucleolus and seems to be an activator of RNA polymerase I (polI) Figure 4 SirT1-3 functions. (a) SirT1, SirT2 and SirT3 produce different outputs as a result of different stimuli. In some cases, the identity of the stimulus activating the enzyme is not known and demarcated with a '?'. (b) SirT1-3 and cancer processes. SirT1 and SirT3 levels seem to increase whereas SirT2 levels decrease in cancer processes, suggesting that SirT1 and SirT3 antagonize SirT2 and that SirT2 might function as a tumor suppressor. Sir, silencing information regulator.
SirT7 is present in rDNA repeats and its loss produces a decrease in the amount of polI transcription of rDNA regions together with apoptosis and inhibition of cell proliferation (Ford et al., 2006) . SirT7 exhibits phosphoribosyl-transferase activity but not deacetylase activity, and its target(s) have yet to be uncovered.
Deacetylation vs ADP-ribosylation
Contrary to what might be expected, many Sirtuins do not seem to be active deacetylases. Thus far, SirT4 and SirT6 exhibit an important mono-ADP-ribosylation activity that targets GDH in the case of SirT4 and histones and itself in the case of SirT6 but apparently not a HDAC activity (Mostoslavsky et al., 2006; Haigis et al., 2006b) . Such activity likely originated from the three sequential steps in the general reaction (Figure 2b) . Instead of transferring an acetyl group to ADP-ribose, the enzyme might transfer the ADP-ribose to a target protein or ADP-ribosylate itself. This model is actually supported by several lines of evidence. First, Moazed and co-workers (Tanny et al., 1999) found that yeast Sir2 had an apparently weak mono-ADP-ribosyl-transferase activity that targeted all histones as well as itself. Second, some Sirtuins show a higher nicotinamide exchange reaction (NER) in the presence of several substrates that do not correspond to the deacetylation rate (Sauve and Schramm, 2003; Vaquero and Reinberg, unpublished data) . NER is based on the formation of de novo synthesis of NAD þ by reversal of the reaction and it measures the use or catabolism of NAD þ by a Sir2 enzyme (Figures 2b and c ; Landry et al., 2000a, b) . For instance, SirT2 is able to transfer ADP-ribose to acetylated-bovine serum albumin (BSA) (Frye, 2000) and has a very robust activity in NER in the presence of hyperacetylated core histones purified from human cells or even hyperacetylated-BSA, although it specifically deacetylates H4K16Ac and to a lesser extent H3K9Ac (Vaquero et al., 2004) . Overall, the data suggest that whatever was originally an important step for the deacetylation of substrates in the case of some mammalian Sirtuins has evolved into an independent enzymatic activity. We cannot, however, exclude the possibility that both SirT4 and SirT6 might deacetylate specific and as yet uncharacterized substrates.
SirT1
SirT1, SirT2 and SirT3 seem to be the only Sirtuin members with HDAC activity. Despite their disparate cellular localization, all three enzymes show similar specificity for H4K16Ac and H3K9Ac. Thus far, these are the only enzymes known to deacetylate H4K16Ac in high eukaryotes.
SirT1 exists in the cell as a homotrimer of approximately 350 kDa (Vaquero et al., 2004) and is the most promiscuous of the three enzymes. Although SirT1 preferentially targets H4K16Ac, it also deacetylates all four histones completely in vitro. Loss of SirT1 by RNA interference (RNAi) resulted in increased levels of hyperacetylation of H4K16 and H3K9 and decreased levels of H3K9me3 and H4K20me1, two markers characteristic of heterochromatin (Vaquero et al., 2004) . SirT1 can be recruited to chromatin through its interaction with many transcription factors such as CTIP1, CTIP2, HES1, HEY2, MyoD, PGC-1a, FOXO and BCL11A (Fulco et al., 2003; Senawong et al., 2003; Takata and Ishikawa, 2003; Brunet et al., 2004; Motta et al., 2004; Rodgers et al., 2005) . Artificial recruitment of SirT1 to a reporter gene stably integrated in euchromatic genomic regions, led to its silencing. This repression was mediated by the formation of facultative heterochromatin through the coordination of three different mechanisms (Vaquero et al., 2004;  Figure 3 ): first, SirT1-mediated deacetylation of histones, and in particular H4K16Ac, and also the recruitment of histone H1. Interestingly, these two changes occurred only in the promoter region where SirT1 was localized. This observation agrees with many studies demonstrating that changes in histone acetylation levels that were associated with transcriptional regulation were often located exclusively in regulatory regions (CalestagneMorelli and Ausio´, 2006; Pruitt et al., 2006) . Additionally, the finding that SirT1 also deacetylates H1K26Ac (Vaquero et al., 2004) might indicate that H1 recruitment and its deacetylation are coordinated and concomitant with heterochromatin formation. However, the role of H1 lysine acetylation is currently unknown and further studies are required to understand how it contributes to heterochromatin formation.
Second, SirT1 promotes the establishment of H3K9me3 and H4K20me1 throughout the whole coding region of the integrated reporter gene to which SirT1 was recruited. SirT1 promotes H3K9me3 formation by its direct recruitment of Suv39h1 to the promoter and by elevating Suv39h1 activity through conformational changes and deacetylation of Suv39h1 in its SET domain (Vaquero et al., submitted) .
Third, SirT1 recruitment is concomitant with the loss of H3K79me2, an active mark known to inhibit Sir protein binding and hence silencing in yeast (van Leeuwen and Gottschling, 2002) . In contrast to H3K9me3 and H4K20me1, the spreading of H3K79me2 extended for greater than 3 kb within the integrated reporter to which SirT1 was recruited, considerably further than the coding region (Vaquero et al., 2004) . This observation suggests that the mechanisms facilitating this spreading are different from those involving the formation of H3K9me3 and H4K20me1.
In addition to the well-established relationship between SirT1 and the formation of facultative heterochromatin, SirT1 is also involved in the formation of constitutive heterochromatin (CH). Mouse embryonic fibroblasts (MEFs) derived from SirT1 À/À mice exhibited a loss of H3K9me3 and HP1 in CH in approximately 50% of cells. Importantly, SirT1 is not found in CH foci, suggesting that SirT1 is only required for the establishment of heterochromatin or that the SirT1 affect is indirect (Vaquero et al., submitted) . An example of such an indirect effect is the increased level of Suv39h1 activity upon its interaction with and deacetylation by SirT1. This link to CH was also found in S. pombe, where spSir2 deacetylation of H3K9Ac was required by the Suv39h1 orthologue in fission yeast, Clr4, to trimethylate H3K9 in pericentromeric heterochromatin (Shankaranarayana et al., 2003) .
SirT1 functions appear to extend to the nucleolus. SirT1 regulates transcription by RNA polymerase I through deacetylation of the TAF I 68 subunit of the SL1 factor, involved in recruiting RNA polymerase I to rRNA genes. Deacetylation of TAF I 68 leads to a lower affinity of SL1 for the rDNA promoter and thus repression of RNA polymerase I transcription (Muth et al., 2001) .
SirT2
Owing to its cytoplasmic localization, the connection between SirT2 and chromatin was unexpected. In fact, SirT2 was found to bind HDAC6 and deacetylate a-tubulin (North et al., 2003) , thereby participating in the regulation of microtubule dynamics and cell-cycle progression (Dryden et al., 2003; North et al., 2003) . However, given SirT2 conservation throughout evolution (Hst2 in yeast) and the lack of tubulin acetylation in lower eukaryotes (Polevoda and Sherman, 2002) , evidence for another perhaps more basic function was anticipated. Recent discoveries have revealed that this function is deacetylation of H4K16Ac throughout the cell cycle. SirT2 deacetylates H4K16Ac specifically in vitro and RNAi mediated decreased expression of SirT2 in vivo results in an overall increase in H4K16Ac levels (Vaquero et al., 2006a, b) .
The apparent contradiction of a protein being cytoplasmically located yet exhibiting specificity for a histone residue was resolved when SirT2 localization was monitored as a function of cell-cycle progression. GFP-tagged SirT2 expressed in live cells was shown to localize to the cytoplasm throughout the cell cycle with the exception being in the G 2 /M transition during prophase. At this time, SirT2 localizes to chromatin at the same time that H4K16Ac levels drop (Vaquero et al., 2006a, b) . These observations are in agreement with those showing that SirT2 is phosphorylated during the G 2 /M transition (Dryden et al., 2003) , and the existence of an active shuttling mechanism that sequesters SirT2 from the nucleus under normal conditions (Wilson et al., 2006) . Interestingly, MEFs derived from SirT2 À/À mice showed hyperacetylation of H4K16 during mitosis, whereas SirT1 À/À MEFs showed a drop in the levels of H4K16Ac similar to the case of WT MEFs (Vaquero et al., 2006a, b) . In contrast to SirT1 that affects H4K16Ac levels locally, SirT2 is responsible for ensuring the proper global levels of H4K16Ac in response to cell-cycle regulation and mitotic entry (Figure 4a) . Consistent with this, yeast Hst2 exhibits the same in vitro specificity for H4K16Ac and yeast strains lacking Hst2 show hyperacetylation of H4K16 (Vaquero et al., 2006a, b) .
But what is the function of the drop in H4K16Ac levels during G 2 /M in mammalian cells? Overexpression of SirT2 was shown to produce a longer mitosis and a shortening of G 1 (Dryden et al., 2003) , whereas SirT2
MEFs showed a longer G 1 , a shorter S phase and no change in the length of mitosis. These results suggest that the drop in H4K16Ac levels might be key to entering S phase. In fact, H4K16Ac seems to be involved in DNA replication in plants (Belyaev et al., 1997) , similar to H4K5Ac and H4K12Ac. Interestingly, substitution of H4K16 to arginine (to mimic nonacetylated lysine) resulted in a lengthening of S phase in yeast (Megee et al., 1990) . It is important to note that the effects mediated by SirT2 loss might also be due to its putative role in cytoskeleton regulation or another yet to be identified role (Figure 4a ). Further studies with SirT2 and Hst2 will shed light on this issue. Finally, there is evidence that indicates that both SirT2 and Hst2 are present in the nucleus under certain conditions outside the G 2 /M boundary, hinting at the possibility that they might have a role in the regulation of a small subset of genes (Bae et al., 2004; Halme et al., 2004) .
SirT3
Considerably less is known about the relationship between SirT3 and chromatin. SirT3 exists in human cells in two forms, a full-length protein of 44 kDa and a processed form missing the first 142 amino acids that appears to localize exclusively to the mitochondria (Onyango et al., 2002; Schwer et al., 2002) . Importantly, in mice the only form of SirT3 corresponds to the human processed protein. Both forms of the protein are enzymatically active in the NER assay and both deacetylate H4K16Ac and H3K9Ac in vitro (Scher et al., 2007) , whereas the mitochondrial SirT3 protein targets AceCS2, as mentioned above (Schwer et al., 2006) . Surprisingly, the global levels of H4K16Ac and H3K9Ac were found to be unaffected in cells knocked down in SirT3 levels by RNAi or in SirT3 À/À MEFs (Scher et al., 2007) . However, SirT3 recruitment to an integrated luciferase reporter gene did promote deacetylation of H4K16Ac and H3K9Ac and transcriptional repression. This finding suggests that SirT3 may participate in the regulation of a very small subset of genes in the nucleus. However, the genes targeted by SirT3 are currently unknown. The fact that SirT3 levels are high in brown adipocytes while low in white adipocytes, together with an increase in the levels of the mitochondrial uncoupling protein 1 (UCP1) upon SirT3 overexpression (Figure 4a ), suggests that SirT3 might have a role in the control of thermogenesis and in mitochondria (Shi et al., 2005) . In fact, overexpression of SirT3 (or other cellular stress) results in the transport of SirT3 to the mitochondria (Scher et al., 2007; Figure 4a) , and this correlates with changes in RNA levels, not only in mitochondria, but also in the nucleus in the case of brown adipocytes. Among these nuclear genes, the expression of the gene encoding the coactivator PGC-1a was elevated, suggesting it to be a possible target gene of SirT3 (Shi et al., 2005) .
SirTs, cancer and H4K16
SirT1 is the only Sirtuin that has been directly linked to cancer. Its capacity to act as a metabolic sensor and to interact with some of the effectors of the cellular response machinery places SirT1 at the center of a regulatory network.
SirT1 is overexpressed in late stages of prostate cancer (Kuzmichev et al., 2005; Figure 4b ) and in breast and colon cancers (Ashraf et al., 2006; Pruitt et al., 2006) . SirT1 can deacetylate the tumor-suppressor p53 and this inhibits both p53 transcriptional activity and p53-dependent apoptosis upon cellular stress. Additionally, loss of the tumor suppressor hypermethylated in cancer 1 (HIC1) increases SirT1 levels and inhibits apoptosis upon DNA damage (Chen et al., 2005) . This seems to be a recurrent role for SirT1 and similar correlations have been reported regarding SirT1-mediated activation of the FOXO family of transcription factors after oxidative stress or inhibition of NF-kB transcription during apoptosis. However, this role in promoting cell survival is not absolute. In cases of chronic oxidative stress, extensive DNA damage or acute oncogene overexpression, SirT1 promotes inhibition of cell-cycle progression and replicative senescence, suggesting that other mechanism(s) might regulate SirT1 and limit survival strategies after massive DNA damage or loss of factors controlling the cell cycle (Chua et al., 2005) .
SirT1 is present in cancer cells at the promoters of tumor suppressor genes, and its loss results in a hyperacetylation of H4K16 and H3K9 at these promoters; this in turn induces expression of these genes without affecting DNA hypermethylation (Pruitt et al., 2006) . These observations confirm previous findings demonstrating that SirT1 targets H4K16Ac (Vaquero et al., 2004) . In fact, H4K16 acetylation itself has been linked to cancer. Recent studies have shown that human cancers show a significant decrease in the global levels of H4K16Ac and H4K20me3 in association with DNA hypomethylation of repetitive DNA (Feinberg and Vogelstein, 1983; Fraga et al., 2005) . These observations collectively suggest that upon cellular transformation, the cells undergo a global heterochromatinization of repetitive DNA sequences independently of DNA methylation. However, we still do not know if this observation applies to all cancer cells or if these observations are a consequence or a cause of the transformation process. Repetitive DNA of pericentromeric heterochromatin has a very low gene density so it is possible that this reflects long-range changes in structure throughout the chromosomes, or as yet unknown strategies in global DNA repair. This finding is also consistent with the MOF and related HATs, mortality factor and monocytic leukemia zinc finger protein (MOZ) levels being decreased in cancer cells (Fraga et al., 2005) .
Recently, tumor formation in the liver was induced by a diet deficient in methyl donors (MDD), that is methionine, choline, folic acid and vitamin B 12 . This was accompanied by a global increase in both H4K16Ac and H3K9me3 and with a decrease in H4K20me3 and H3K9Ac (Pogribny et al., 2007) . Although these findings argue in favor of H4K16 hypoacetylation being a phenomenon of cellular transformation, a caveat to these studies is that this specific model of MDDpromoted tumorigenesis in rat livers is due to metabolic deficiency and it might be mechanistically very peculiar compared to the rest of cancers. Further work should clarify these observations.
Another link of SirT1 with cancer is its relationship to one of the large protein complexes containing the histone lysine methyltransferase (HKMT) Ezh2 (Kuzmichev et al., 2005) . Long-term epigenetic silencing is important during the embryonic program. Among the factors involved, Polycomb group (PG) proteins are responsible for the maintenance of chromatin silencing. Ezh2 is an HKMT that belongs to the PG and is responsible for methylation of H3K27 (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Muller et al., 2002) , the presence of which correlates with formation of facultative heterochromatin in epigenetic processes including Polycomb silencing and X-chromosome inactivation. Ezh2 has been found, together with SirT1, to be overexpressed in late stages of prostate cancer progression in animal models (Kuzmichev et al., 2005) . Interestingly, among the different complexes containing Ezh2, PRC4 alone was found to contain SirT1. PRC4 is conserved from Drosophila to humans (Furuyama et al., 2004; Kuzmichev et al., 2005) and is found in undifferentiated pluripotent cells and in cancer cells, as opposed to differentiated normal cells. Interestingly, the main histone target for PRC4-mediated methylation does not seem to be H3K27, but histone H1K26 (Kuzmichev et al., 2005) . Since SirT1 was shown to deacetylate H1K26Ac in vitro and in vivo, the current model hypothesizes that PRC4 mediates H1K26 deacetylation by the presence of SirT1, followed by H1K26 methylation by Ezh2. However, a role for histone H1 in cancer progression is currently unknown. Since SirT1 is also found at multiple Ezh2 target genes, along with H3K27me3 and hypoacetylation of H4K16 (Kuzmichev et al., 2005) , it is possible that SirT1 may participate in yet another Ezh2-containing complex or that PRC4 may methylate H3K27 under certain conditions.
Finally, SirT2, -T3 and -T7 have also been connected to some types of cancer but in an indirect way. The loss of SirT2 was correlated with the occurrence of human gliomas while its overexpression seems to have the opposite effect, and therefore it has been speculated that SirT2 is a tumor suppressor (Hiratsuka et al., 2003; Figure 4b) . Regarding the rest of the SirTs, the expression levels of SirT3 and SirT7 were increased in breast cancer (Ashraf et al., 2006; Figure 4b ). However, these observations are preliminary and further experiments will be required to understand this link.
